Invariant natural killer T cells (iNKT cells) are a subset of T lymphocytes with a limited T cell antigen receptor (TCR) repertoire that recognizes lipid antigens presented by CD1d molecules on the surface of antigenpresenting cells 1,2 . The prototypical lipid antigen is the glycosphingolipid α-galactosylceramide derived from a marine sponge 3 , which can be loaded onto CD1d tetramers for the detection of iNKT cells through binding to their invariant TCR. Following antigen recognition, iNKT cells respond rapidly in an innate-like fashion and secrete inflammatory cytokines, including interferon-γ (IFN-γ) and interleukin 4 (IL-4), in copious amounts 1,2 . This early response influences the outcome of downstream immunological reactions and endows iNKT cells with regulatory properties. Due to the diversity of their effector functions, iNKT cells are involved in many pathological processes. Accordingly, they are important in host defense against infections, prevent autoimmune disorders and protect against cancer 1, 4 .
Delineating the molecular mechanisms that control specification to the iNKT cell lineage is essential for the development of potential therapeutic applications that target iNKT cells. Commitment to the iNKT cell lineage involves positive selection of precursors of iNKT cells by CD4 + CD8 + double-positive (DP) thymocytes that express CD1d-glycolipid complexes 5 . After positive selection, TCR signaling activates a pathway of calcineurin and the transcription factor NFAT that induces expression of the transcription factor Egr2 (ref. 6) . Following that induction, Egr2 activates the iNKT cell master regulator PLZF (encoded by Zbtb16) and the common β-subunit of the IL-2-IL-15 receptor (CD122; encoded by Il2rb) , which leads to the subsequent steps of iNKT cell development, composed of cytokine expression and proliferation in response to the IL-15-CD122 axis [7] [8] [9] [10] . T-bet (encoded by Tbx21) is a key transcription factor that regulates the differentiation of iNKT cells and their acquisition of NK cell traits during terminal maturation. After egressing from the thymus, iNKT cells reside mainly in the liver and spleen to perform their effector functions 11 . Although published reports have contributed to an understanding of how key transcription factors establish iNKT Invariant natural killer T cells (iNKT cells) are innate-like lymphocytes that protect against infection, autoimmune disease and cancer. However, little is known about the epigenetic regulation of iNKT cell development. Here we found that the H3K27me3 histone demethylase UTX was an essential cell-intrinsic factor that controlled an iNKT-cell lineage-specific gene-expression program and epigenetic landscape in a demethylase-activity-dependent manner. UTX-deficient iNKT cells exhibited impaired expression of iNKT cell signature genes due to a decrease in activation-associated H3K4me3 marks and an increase in repressive H3K27me3 marks within the promoters occupied by UTX. We found that JunB regulated iNKT cell development and that the expression of genes that were targets of both JunB and the iNKT cell master transcription factor PLZF was UTX dependent. We identified iNKT cell super-enhancers and demonstrated that UTX-mediated regulation of super-enhancer accessibility was a key mechanism for commitment to the iNKT cell lineage. Our findings reveal how UTX regulates the development of iNKT cells through multiple epigenetic mechanisms.
cell identity in a stepwise process 12, 13 , it is unclear how a multitude of transcription factors are orchestrated within an epigenetic framework that controls lineage-specific gene expression in iNKT cells.
During development, cell-fate determination relies on the activation of cell-type-restricted transcription factors that act at promoters and enhancers of genes. This requires epigenetic programming to ensure the establishment of proper chromatin organization. Stretch-enhancer elements ('super-enhancers') have a critical role in the control of cell identity 14, 15 . Dynamic regulation of the histone-methylation state at promoters or enhancers by histone-modifying enzymes is a key epigenetic mechanism that affects lineage-specific gene expression [16] [17] [18] . The polycomb repressive complex PRC2 catalyzes the trimethylation of histone H3 on lysine 27 (to produce H3K27me3) that is associated with poised or repressed states of promoters and enhancers 17, 19, 20 . In contrast, demethylation of H3K27me3 by the histone demethylases UTX and JMJD3 correlates with active chromatin states that facilitate gene expression [21] [22] [23] [24] [25] . UTX and JMJD3 serve important roles in early development [21] [22] [23] 26 , epigenetic reprogramming 27 , cellular differentiation 24, [28] [29] [30] and cancer 31, 32 . The role of UTX in various T lymphocyte subsets has been addressed [33] [34] [35] ; however, the underlying mechanisms of its effects remain to be elucidated.
In this study, we assessed the epigenetic mechanisms by which UTX controls the development of iNKT cells. Deficiency in UTX resulted in the downregulation of iNKT cell signature genes, including Tbx21, Il2rb and Klrd1, and blocked iNKT cell development. We demonstrated that the abundance of H3K27me3 was greater and that of H3K4me3 was lower around the promoters of downregulated signature genes in UTXdeficient iNKT cells than in UTX-sufficient iNKT cells. We found that UTX partnered with PLZF, and that UTX-deficient iNKT cells failed to activate PLZF target genes and harbored more H3K27me3 around their gene promoters than did UTX-sufficient iNKT cells. Moreover, we discovered a role for the AP-1 transcription factor JunB in the generation of iNKT cells. By delineating the super-enhancer landscape of iNKT cells, we demonstrated that UTX was required for the accessibility of the super-enhancers of genes encoding products that mediate specification to the iNKT cell lineage. Thus, we found that UTX engaged multiple gene-regulatory mechanisms to facilitate the lineage-specific gene expression and development of iNKT cells.
RESULTS

Requirement for UTX in iNKT cell development
Initially, we assessed the requirements for UTX and JMJD3 broadly in the hematopoietic system. For this purpose, we generated mice with loxP-flanked alleles encoding UTX or JMJD3, then interbred those with mice expressing Cre recombinase from the Vav allele for conditional gene inactivation in the adult hematopoietic system, to generate mice with such conditional deficiency in UTX (UTX-KO) or JMJD3 (JMJD3-KO) ( Supplementary Fig. 1a-e ). We observed that the number of iNKT cells was much lower in the thymus, spleen and liver of UTX-KO or JMJD3-KO mice than in that of UTX-and JMJD3sufficient mice (which served as controls throughout), with a more pronounced effect for mice with UTX deficiency (Fig. 1a) . Mice with deficiency of both UTX and JMJD3 in the adult hematopoietic system (DKO mice) had a phenotype similar to that of UTX-KO mice ( Fig. 1a) , which suggested that ablation of JMJD3 had no additive effects. We confirmed the deletion of transcripts encoding UTX or JMJD3 in the blood, DP thymocytes and iNKT cells of UTX-KO or JMJD3-KO mice, respectively, by quantitative PCR (Supplementary Fig. 1f ). Through the use of molecular markers to distinguish the stages of iNKT cell development 36 , analysis of the remaining thymic iNKT cells in UTX-KO or JMJD3-KO mice revealed a maturation block that prevented iNKT cells from fully entering into stage 3, with relative accumulation in stages 1 and 2 ( Fig. 1b-d) . These results indicated a selective role for UTX and JMJD3 in iNKT cells during blood-cell differentiation. Since the altered iNKT cell phenotype proved to be predominant in UTX deficiency, we focused our subsequent analyses on UTX.
Next we assessed the influence of loss of UTX on the functional properties of iNKT cells. After stimulation with α-galactosylceramide, IFN-γ production was lower in thymic iNKT cells of UTX-KO mice than in those of control mice (Supplementary Fig. 2a ), reflective of a lack of fully mature cells. However, the synthesis of IL-4 in the thymus and production of IFN-γ by the few remaining liver iNKT cells in UTX-KO mice was unaltered relative to that in control mice (Supplementary Fig. 2a) . A published classification, although not mutually exclusive with the maturation model, has categorized iNKT cell development into the subtypes 'NKT1' , 'NKT2' and 'NKT17' on the basis of cytokine profile and specific transcription factors 37 . We observed considerably fewer T-bet-dependent NKT1 cells in UTX-deficient mice than in control mice ( Supplementary Fig. 2b) .
To exclude the possibility that the impaired development of iNKT cells was a consequence of failure of antigen presentation or rearrangement of the V α 14-J α 18 TCR, we demonstrated equivalent expression of CD1d and abundance of transcripts encoding V α 14-J α 18 in UTX-deficient DP thymocytes and control DP thymocytes ( Supplementary Fig. 2c,d) . Thus, UTX did not affect mainly the function of iNKT cells but instead affected mainly their development.
Control of iNKT-cell-lineage-specific gene expression by UTX
To elucidate the molecular mechanism by which UTX contributed to the development of iNKT cells, we sorted thymic iNKT cells from UTX-KO or control mice and performed gene-expression analysis (Supplementary Fig. 3a ). Genes downregulated in UTX-KO iNKT cells relative to their expression in control iNKT cells comprised those induced during iNKT cell maturation and included those encoding the critical transcription factor T-bet (Tbx21) 11 , the NK cell receptor NKG2D (Klrk1), the chemokine and cytokine receptors CXCR3 (Cxcr3) and CD122 (Il2rb) 9 , as well as the cytokine IFN-γ (Ifng) and the calcium regulator calcyclin (S100a6) 13 (Fig. 2a) . Gene-set-enrichment analysis (GSEA) of the genes downregulated in UTX-deficient iNKT cells revealed enrichment, among the downregulated genes, for genes encoding products involved in iNKT cell differentiation as well as in signaling pathways, including IL-12 and NFAT, which have been reported to have important roles in iNKT cells 6,13 ( Fig. 2b and Supplementary  Fig. 3b ). Using quantitative PCR, we confirmed the expression of a subset of signature genes whose downregulation depended on UTX and observed substantial downregulation of Tbx21, S100a6, Klrd1 and Klrk1 (which encode NK cell receptors), Cxcr3 and Il2rb in UTX-deficient thymic iNKT cells relative to their expression in control thymic iNKT cells ( Fig. 2c) . Correspondingly, iNKT cells from UTX-KO mice had lower protein expression of the products of those genes than that of iNKT cells from control mice ( Fig. 2d) . In contrast, UTX deficiency resulted in the upregulation of genes encoding products involved in the cell-cycle, DNA-replication and DNA-repair pathways ( Supplementary  Fig. 3c ). We confirmed loss of transcripts encoding UTX and UTXdependent downregulation of signature genes in UTX-KO iNKT cells at various stages of development ( Supplementary Fig. 3d,e ). These findings indicated that iNKT cell development required a UTXmediated lineage-specific gene-expression program.
Regulation of the epigenetic landscape of iNKT cells by UTX UTX-mediated demethylation of H3K27me3 and concomitant catalysis of the trimethylation of H3K4 by the methyltransferase A r t i c l e s MLL2 around gene promoters correlates with active gene expression 23 . Therefore, we hypothesized that during iNKT cell development, transcriptional activation of genes specific to the iNKT cell lineage involves UTX-dependent chromatin regulation. To address this hypothesis, we examined the epigenetic landscape of iNKT cells from UTX-KO or control thymi by genome-wide chromatin immunoprecipitation followed by deep sequencing (ChIP-Seq) for H3K4me3 marks and H3K27me3 marks, which correlate with activation or repression, respectively. We applied a model-based analysis of ChIP-Seq (MACS2) to identify distinct peaks in each condition. Although genome-wide H3K4me3 peaks were largely shared by control iNKT cells and UTX-KO iNKT cells ( Fig. 3a) , genome-wide H3K27me3 peaks were much more abundant in the absence of UTX ( Fig. 3b) , consistent with the role of UTX in the demethylation of H3K27me3. In addition to that accumulation of global H3K27me3 content in UTX-KO iNKT cells (9,645), we observed that some regions exhibited control-cell-specific H3K27me3 peaks (4,250) ( Fig. 3b) . While the chromosomal distribution of control-cell-specific H3K27me3 peaks was similar to that of UTX-KO-cell-specific H3K27me3 peaks ( Supplementary Fig. 4a,b) , control-cell-specific H3K27me3 peaks were more abundant in distal intergenic regions than were UTX-KO-cell-specific peaks (33.5% (control) versus 24.7% (UTX-KO); Supplementary Fig. 4c,d) . Notably, we detected a greater abundance of UTX-KO-cell-specific H3K27me3 peaks (13.4%) than control-cell-specific H3K27me3 peaks (10.4%) in proximal promoters ( Supplementary Fig. 4c,d) . Analysis with the Genomic Regions Enrichment of Annotations Tool (GREAT) demonstrated that regions with loss of H3K27me3 peaks in UTX-KO iNKT cells showed enrichment for bivalent genes with both H3K27me3 and H3K4me3 in their promoters, as well as genes encoding products involved in erythrocyte development ( Supplementary Fig. 5a ). Notably, regions that gained H3K27me3 peaks in UTX deficiency showed enrichment for genes that require MLL for their transcription, as well as genes induced in memory T cells ( Supplementary Fig. 5b ).
Since UTX-mediated alterations to histone marks around promoters affect gene expression, we investigated the average abundance of histone marks at gene promoters in iNKT cells ( Fig. 3c-e ). In UTX-KO iNKT cells, we observed significant accumulation of H3K27me3 around the transcription start sites (TSSs) and promoters of downregulated genes ( Fig. 3d and Supplementary Fig. 5c ). Moreover, we observed a much lower abundance of H3K4me3 in the downregulated genes in UTX-KO iNKT cells than in control cells ( Fig. 3d) . While there was less significant accumulation of H3K27me3 around the promoters of upregulated genes than around those of downregulated genes in UTX-KO iNKT cells (P = 9 × 10 −4 (permutation test); Supplementary Fig. 5d ), there was no notable difference in the abundance of H3K4me3 in this comparison ( Fig. 3e) . GREAT analysis of the promoter regions of downregulated genes revealed enrichment for genes encoding products involved in iNKT cell development ( Supplementary Fig. 5e ), while similar analysis of upregulated genes demonstrated an association with the cell-cycle and DNA-repair pathways ( Supplementary Fig. 5f ). These results suggested that UTX controlled iNKT cell development by regulating the chromatin landscape around the promoters of downregulated genes encoding products involved in iNKT cell differentiation.
Regulation of iNKT-cell-signature-gene promoters by UTX
To identify the various patterns of chromatin state and to explore promoters with substantial UTX-dependent chromatin regulation, we identified clusters on the basis of the distribution of H3K4me3 and H3K27me3 around the promoters of the downregulated (Fig. 3f-i and Supplementary Fig. 6a ) and upregulated genes ( Supplementary  Fig. 6b,c) identified above. For the downregulated genes, cluster 1 included promoters with a similar abundance of H3K4me3 in control iNKT cells and UTX-KO iNKT cells and a slightly greater abundance of H3K27me3 in the absence of UTX ( Fig. 3f) . Cluster 2 included promoters with a very low abundance of H3K4me3 and similar abundance of H3K27me3 in control iNKT cells and UTX-KO iNKT cells ( Fig. 3g) . Notably, promoters in cluster 3 ( Fig. 3h ) and cluster 4 ( Fig. 3i ) had a much lower abundance of H3K4me3 and accumulation of H3K27me3, especially around the TSS, which suggested that these promoters were affected by UTX-dependent chromatin regulation. Integration of gene-expression data with chromatin state revealed that the genes most downregulated were in cluster 3 (Fig. 3h) , which A r t i c l e s indicated that UTX-mediated removal of H3K27me3 around these promoters was critical for activation of transcription. We identified the promoters in cluster 3 and cluster 4 ( Supplementary Table 1 ) with significant UTX-dependent chromatin regulation by GREAT analysis. We found that cluster 3 and cluster 4 showed significant enrichment for genes encoding products involved in the immune response and signature genes encoding products involved in iNKT cell differentiation (the 'Klr' family, Cxcr3 and S100a6 (cluster 3) and Tbx21 (cluster 4); Supplementary Fig. 6d ). Cluster analysis of the upregulated genes showed that the abundance of H3K4me3 and H3K27me3 was largely similar in UTX-KO iNKT cells and control iNKT cells (Supplementary Fig. 6b,c) . These results emphasized that deficiency in UTX affected the chromatin state specifically around the promoters of a subset of downregulated genes, which constituted the iNKT cell signature in cluster 3 and cluster 4, without a robust effect on the chromatin state of other genes.
Binding of UTX to iNKT-cell-signature-gene promoters
To assess specific alterations in the abundance of H3K4me3 and H3K27me3 around the promoters of genes with UTX-dependent transcriptional and chromatin regulation, we generated overlay tracks of ChIP-Seq data from control and UTX-KO iNKT cells using the Integrative Genomics Viewer visualization tool. We found a much lower abundance of H3K4me3 and an accumulation of H3K27me3 around the promoters of the signature genes S100a6, Il2rb, Klrd1, Klrk1, Cxcr3 and Tbx21 in UTX-KO iNKT cells relative to their abundance at those genes in control cells ( Fig. 4a-e ). To determine whether UTX was physically recruited to those promoters, we analyzed UTX in sorted control iNKT cells by ChIP followed by PCR (ChIP-PCR). We detected significantly greater occupancy of UTX at the promoter regions of the representative genes Tbx21, Il2rb, S100a6 and Klrd1 relative to its occupancy at the housekeeping (control) gene encoding β-actin (Actb), which was not regulated by UTX, on the basis of gene expression and ChIP-Seq data (Fig. 4f) .
These results suggested that UTX directly controlled the epigenetic landscape around the promoters of iNKT cell lineage-specific genes to facilitate their transcription.
Requirement for UTX enzyme activity in iNKT cell development Although the data above indicated a critical role for UTX in regulating iNKT-cell-lineage-specific gene expression and development, it was important to assess whether UTX acted directly in iNKT cells.
A 'peculiarity' of iNKT cells is that they originate from and concomitantly are selected by DP thymocytes 38 . This feature allows the use of mixed-bone-marrow chimera to distinguish whether a gene defect is intrinsic to iNKT cells or if extrinsic antigen presentation and selection by CD1d-expressing DP thymocytes is responsible for an observed phenotype. We transferred bone marrow cells from control and UTX-deficient mice (at a 1:1 ratio) into immunodeficient Rag2 −/− host mice and subsequently determined the contribution of each genotype of donor bone marrow to the overall iNKT cell pool in the recipients. In the thymus, the population of stage 0-1 iNKT cells of UTX-deficient origin predominated over that of control cells (Supplementary Fig. 7a,b) , due to the relative accumulation of immature iNKT cells in UTX deficiency. Accordingly, the majority of iNKT cells at stage 3 were of control origin (Supplementary Fig. 7a,b) , again indicative of a block of maturation in the absence of UTX. In the liver, most iNKT cells were control cells, and few UTX-deficient cells contributed to the peripheral iNKT cell pool ( Supplementary  Fig. 7c ). Conventional T cells displayed a balanced mixed chimerism (Supplementary Fig. 7c ), which highlighted a specific effect of UTX on iNKT cells. Thus, the block in maturation reflected an intrinsic defect in iNKT cells imposed by loss of UTX that was not 'rescued' by the presence of control DP thymocytes.
Next we sought to determine whether the downregulated geneexpression program and developmental block of iNKT cells could be 'rescued' by in vivo reconstitution with UTX and whether its demethylase activity was required for this. To investigate this, we used lentiviral transduction of bone marrow cells, followed by transplantation of the cells into Rag2 −/− host mice. UTX-deficient bone marrow transduced with empty virus failed to produce a substantial population of iNKT cells in the thymus (Fig. 5a) . Notably, UTX-KO bone marrow reconstituted with full-length UTX exhibited substantial iNKT cell development, whereas reconstitution with mutant UTX lacking enzymatic activity failed to generate a sizeable iNKT cell population (Fig. 5a) . Upon analysis of the various maturation stages of iNKT cells, we observed that the few UTX-KO iNKT cells that developed from bone marrow transduced with empty virus or virus encoding mutant UTX lacking enzymatic activity were unable to fully mature to stage 3 (Fig. 5b) . In contrast, reconstitution with full-length UTX facilitated the complete development of iNKT cells in the thymus (Fig. 5b) . We found that liver iNKT cells were almost completely absent from the UTX-KO mice transduced with empty virus (Fig. 5c,d) .
Reconstitution with full-length UTX 'rescued' this phenotype via the generation of a sizable liver iNKT cell population, whereas only a very minor iNKT cell fraction developed in the presence of mutant UTX lacking enzymatic activity (Fig. 5c,d) . We demonstrated that expression of the gene encoding UTX was similar in mice reconstituted A r t i c l e s with full-length UTX and those reconstituted with mutant UTX lacking enzymatic activity (Fig. 5e) , which indicated no difference in reconstitution efficiency. In parallel, we analyzed the expression of signature genes in iNKT cells from the thymus of reconstituted mice. Notably, reconstitution with full-length UTX restored expression of the iNKT cell gene signature, including Tbx21, Klrd1 and Cxcr3 (Fig. 5e) . In contrast, mutant UTX lacking enzymatic activity failed to restore signature-gene expression, although an enzyme-independent contribution was observed for Tbx21 ( Fig. 5e ). Together these data demonstrated that the enzymatic demethylase function of UTX was essential for the proper generation of iNKT cells by establishing the iNKT cell gene-expression program.
Regulation of iNKT cell development by JunB
To gain further mechanistic insights how UTX regulates gene expression in iNKT cells, we performed motif-enrichment analysis (using the analysis tool Haystack) and identified potential transcription factors that might work together with UTX on the promoters of iNKT cell signature genes. We found significant enrichment for target motifs for the AP-1 transcription factors JunB and JunD in cluster 3, as well as those for the transcription factor RAR-RXR in cluster 4, around the promoters of genes that showed UTX-dependent chromatin and transcriptional regulation (Fig. 6a) . To determine whether JunB directly regulates UTX-dependent iNKT cell genes, we performed ChIP-PCR analysis of JunB. JunB bound to the promoters of signature genes from cluster 3 that showed enrichment for JunB motifs (Il2rb and Klrd1) ( Fig. 6b and Supplementary Table 2) . To determine whether UTX acted together with this putative iNKT cell transcription factor, we immunoprecipitated proteins from lysates of iNKT cells and demonstrated that UTX interacted with JunB (Fig. 6c) . Notably, UTX was also able to specifically bind to the iNKT cell transcription factor PLZF ( Fig. 6c) . Furthermore, JunB expression was induced 'preferentially' in iNKT cells relative to its expression in other thymocyte subsets (Fig. 6d) , indicative of a potential role for JunB in the generation of iNKT cells. To test that hypothesis, we analyzed JunB-deficient (JunB-KO) mice and found that the frequency of conventional CD4 + T cells and CD8 + T cells, as well as that of CD4 − CD8 − (doublenegative) and DP thymocytes, was similar in JunB-KO mice and JunB-sufficient (control) mice (Fig. 6e) . However, the frequency of thymic and peripheral iNKT cells was significantly lower in JunB-KO mice than in control mice ( Fig. 6f,g) . To investigate whether JunB regulated the transcription of iNKT cell signature genes with UTXdependent transcriptional and chromatin regulation in cluster 3, we performed quantitative PCR analysis of sorted thymic iNKT cells from control and JunB-KO mice. We found that the signature genes Il2rb and Klrd1 (whose promoters were both bound by JunB; Fig. 6b ) were significantly downregulated in JunB-KO iNKT cells relative to their expression in control iNKT cells (Fig. 6h) . Together these results showed that UTX interacted with transcription factors such as JunB to establish lineage-specific gene expression in iNKT cells.
UTX-deficient iNKT cells fail to activate PLZF target genes
Given the finding of a physical association of UTX with PLZF, we sought to determine whether UTX regulated the PLZF-mediated activation of gene expression in iNKT cells. Through the use of a PLZF ChIP-Seq data set that defined PLZF-activated genes in iNKT cells 39 , we determined that loss of UTX in iNKT cells led to impaired activation of the expression of PLZF target genes (Fig. 7a ). PLZF-activated target genes were significantly downregulated in UTX-KO iNKT cells relative to the expression of randomly selected (control) genes (Fig. 7b) .
To assess whether that downregulation was accompanied by accumulation of H3K27me3 at the promoter of those genes in UTX-KO iNKT cells, we compared the average abundance of H3K27me3 around the promoters of PLZF-activated target genes and those of randomly selected (control) genes. We found that the abundance of H3K27me3 around the promoters of PLZF-activated genes was significantly greater in UTX-KO iNKT cells than in control cells, but its abundance around the 'random' (control) genes was not (Fig. 7c) . Overlay tracks for PLZF target genes, including Il18r1, Il12rb1 and Eya2, demonstrated distinct UTX-dependent accumulation of H3K27me3 and a concomitant decrease in H3K4me3 around the promoter regions that PLZF occupied ( Fig. 7d-f) . Accordingly, we confirmed that the expression of Il18r1, Il12rb1 and Eya2 was significantly lower in UTX-KO iNKT cells than in control cells (Fig. 7g) . These data indicated that UTX controlled the epigenetic landscape and transcription of PLZF-activated genes.
UTX facilitates accessibility of iNKT cell super-enhancers
Because super-enhancers bestow lineage specificity 14, 15 and iNKT cells are vulnerable to the effects of the loss of UTX, we hypothesized Fig. 1b,c) . that another mechanism by which UTX controls commitment to the iNKT cell lineage might be through regulation of super-enhancer accessibility. First, we delineated the super-enhancer landscape of iNKT cells by genome-wide ChIP-Seq analysis of histone H3 acetylated at Lys27 (H3K27ac) and defined super-enhancers as large enhancer elements with a substantial abundance of H3K27ac 14, 15 . We identified 396 super-enhancers that included elements proximal to genes encoding known regulators of the iNKT cell lineage, such as Tbx21, Zbtb16 and Il2rb, as well as those encoding regulators not previously characterized in iNKT cells, including the transcription factor JunB (Fig. 8a,b, Supplementary Fig. 8a,b and Supplementary  Table 3 ). To reveal potential pathways associated with genes proximal to the super-enhancers identified in iNKT cells, we performed GREAT analysis of the super-enhancer elements. We found significant enrichment for the AP-1 pathway in our analysis ( Supplementary  Fig. 8c) , which confirmed the identification of JunB as a crucial, previously unknown regulator of the iNKT cell lineage.
To determine whether the accessibility of super-enhancers in iNKT cells was affected by the absence of UTX, we performed ATAC-Seq ('assay for transposase-accessible chromatin using sequencing') 40 that captured accessible chromatin regions in sorted control and UTX-KO iNKT cells. Among the 396 super-enhancers we identified, 109 super-enhancers had control-cell-specific ATAC-Seq peaks and therefore lost accessibility in UTX-KO iNKT cells ( Fig. 8c and Supplementary Table 4) . By comparing the ratio of gene expression (log 2 values) in control cells to that in UTX-KO cells for these genes to that ratio for all genes, we found that genes near super-enhancers that showed UTX-dependent accessibility were downregulated in UTX-KO iNKT cells (Fig. 8d) .
To determine whether that loss of accessibility of super-enhancers and diminshed transcription of nearby genes was accompanied by accumulation of H3K27me3 in UTX deficiency, we compared average abundance of H3K27me3 around the defined iNKT cell super-enhancer regions with that of randomly selected control regions in UTX-KO iNKT cells. We detected significant accumulation of H3K27me3 around super-enhancer regions in UTX-KO iNKT cells (Fig. 8e) . In control iNKT cells, super-enhancer regions exhibited a lower abundance of H3K27me3 than that of randomly selected (control) regions (Fig. 8e) , consistent with the conclusion that active enhancers are A r t i c l e s devoid of H3K27me3 (refs. 17,41) . The randomly selected (control) regions in control iNKT cells and those in UTX-KO iNKT cells had a similar abundance of H3K27me3 (Fig. 8e) . Notably, super-enhancers that showed UTX-dependent accessibility were near genes encoding important regulators of iNKT cells, such as Tbx21 ( Fig. 8f and  Supplementary Fig. 8a) and Il2rb (Fig. 8g and Supplementary Fig. 8b) . Furthermore, GREAT analysis demonstrated enrichment, around these regions, for genes encoding products involved in lymphocyte differentiation and IL-2 signaling (Supplementary Fig. 8d) . To deter-mine the transcription factors that bind these super-enhancers, we performed motif analysis and found enrichment for the transcription factors RelA and Bhlhe40 (Supplementary Fig. 8e ). Bhlhe40 has been shown to act together with T-bet to control iNKT cell function 42 .
Although a small fraction of super-enhancers (13) gained accessibility in UTX-KO iNKT cells ( Fig. 8c and Supplementary Table 4 ), we did not detect any gene-set enrichment for these regions ( Supplementary  Fig. 8d ). Overall, these results suggested that UTX regulated the accessibility of super-enhancers that establish iNKT cell identity. A r t i c l e s DISCUSSION Discoveries of key transcription factors 8, 9, 11 and gene-expression programs 13 have contributed to the understanding of the iNKT cell lineage. In this context, a published study has demonstrated the diversity of gene programs in different iNKT cell subsets on the basis of RNA-sequencing transcriptomics and the description of enhancer elements 43 . However, the epigenetic mechanisms that govern iNKT cell identity have remained undefined. Here we demonstrated a selective, cell-intrinsic and catalytic role for the H3K27me3 demethylase UTX in regulating the epigenetic landscape and lineage-specific gene expression of iNKT cells. Our data and a published study 35 have revealed a requirement for the H3K27me3 demethylases UTX and JMJD3 in the development of iNKT cells. We found that this requirement was due to UTX-dependent regulation of the expression of iNKT cell signature genes. UTX-deficient iNKT cells exhibited a developmental block and failed to induce the expression of genes encoding transcription factors and signaling molecules involved in the terminal maturation of iNKT cells, such as T-bet (Tbx21) 11 and CD122 (Il2rb) 9,10 . Epigenetic regulation of gene expression by UTX has been studied mainly in the context of the demethylation of repressive H3K27me3 marks. Moreover, UTX associates with MLL2, which catalyzes trimethylation of H3K4 at promoters to facilitate the transcription of genes encoding lineage-specifying factors 21, 23, 29 . Accordingly, in iNKT cells, the promoters of UTX-dependent signature genes, such as those in Tbx21 and Il2rb, accumulated H3K27me3 and harbored a lower abundance of H3K4me3 in the absence of UTX.
We found that gene promoters that exhibited UTX-dependent chromatin and transcriptional regulation were bound by the AP-1 transcription factor JunB. A published report showing that JunB is part of a gene network 'preferentially' upregulated in iNKT cells relative to their expression in NK cells and conventional T cells 13 is consistent with our findings. While indirect evidence, through overexpression or deficiency of the negative regulator BATF, has shown that AP-1 activity promotes generation of iNKT cells 44, 45 , lack of the AP-1 family member Fra2 leads to an increased number of iNKT cells 46 . Interestingly, JunB-AP-1 directly controls expression of the gene encoding IFN-γ, a hallmark cytokine released by mature iNKT cells 47 . Our studies revealed significantly fewer thymic as well as peripheral iNKT cells in JunB-deficient mice than in JunB-sufficient mice. Together our data have identified JunB as a previously unknown regulator that influences iNKT cell development.
UTX can function in a way that is both dependent on and independent of its demethylase enzyme activity 29, 48 . We found that the development of iNKT cells required the demethylase activity of UTX, indicative of a critical role for the removal of H3K27me3 marks from the promoters of iNKT cell signature genes. Interestingly, iNKT cells lacking components of PRC2, which is responsible for the deposition of H3K27me3, exhibit impaired maturation and increased accumulation in the thymus and spleen 35, 49 . It has been proposed that the development of iNKT cells involves a transition in the promoter of Zbtb16 (which encodes PLZF) from a poised state in DP thymocytes, harboring both H3K27me3 marks and H3K4me3 marks, to an active state in iNKT cells, characterized by H3K4me3 and a lack of H3K27me3 (ref. 35 ). Although we did not observe substantial accumulation of H3K27me3 around the promoter of Zbtb16 or a robust decrease in PLZF expression in UTX-deficient iNKT cells, we demonstrated that UTX regulated the expression and epigenetic landscape of PLZF-activated genes in iNKT cells.
Published studies have identified super-enhancers on the basis of elevated abundance of H3K27ac as a hallmark of key genes associated with cell identity and genetic risk of disease 14, 15, 50 . Our study has defined the iNKT cell super-enhancer landscape and has demonstrated that signature genes, including Zbtb16, Tbx21 and Il2rb, exhibited super-enhancer elements. In addition, we identified numerous previously unknown regulators of iNKT cell identity, which should provide an invaluable resource for understanding the epigenetic control of specification to the iNKT cell lineage and disease-associated genes in iNKT cells.
UTX interacts with chromatin regulators such as SWI/SNF and the MLL complex that can affect enhancer activation 23, 29, 48 . Since dynamic regulation of the abundance of H3K27me3 and H3K27ac determines enhancer activity 17, 41 , another mechanism for UTXmediated gene regulation raised by our study involved the control of the accessibility of lineage-specific super-enhancers by UTX in iNKT cells. The accessibility of super-enhancers near downregulated signature genes, such as Tbx21 and Il2rb, was lost in UTX-deficient iNKT cells. That finding suggested that the proper maturation of iNKT cells requires a dual mechanism that involves UTX-mediated regulation of the epigenetic landscape around both the promoters of signature genes and their enhancers. Collectively, our data offer a new perspective on the transcriptional control of iNKT cell development and delineate multiple mechanisms that UTX engages to regulate the lineage-specific gene-expression program of iNKT cells.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper. size bias in the library. The amplified library was purified using the Qiagen PCR purification kit and sequenced on the Illumina Hi-Seq 2500. Paired reads were aligned to the reference genome using Bowtie2 in paired end mode and with the parameter -X2000 (fragments up to 2kb). ATAC-Seq peaks were called using MACS2 with the following parameters: macs2 callpeak -nomodel -shift -100 -extsize 200. Super-enhancers more accessible in control cells were defined as control super-enhancer regions containing unique control ATAC-Seq peaks, while super-enhancers less accessible in control cells were defined as control super-enhancer regions containing unique KO ATAC-Seq peaks.
Integrative analysis of SE regions, ATAC-Seq, H3K27me3 and gene expression. To study the potential connection between the level of H3K27me3 and chromatin accessibility profiled by ATAC-Seq, we used the defined super-enhancers based on the unique ATAC-Seq peaks in control or UTX-KO and profiled the average abundance of H3K27me3 reads per million (RPM) in those regions. As a control set, we used random regions in the genome. To correlate chromatin accessibility in super-enhancers with gene expression, we used the average gene expression of the genes mapped with the ROSE pipeline in each group (closest genes and overlapping genes). As control sets, we used all the genes and the genes mapped to all the UTX-sufficient super-enhancers in iNKT cells.
Statistical analysis.
Data are presented as mean ± standard error or standard deviation. All samples represent independent experiments with biological replicates. Sample size was determined based on the results of preliminary experiments. No blinding was applied in this study. The two-tailed unpaired t-test, Mann-Whitney U-test and one-way ANOVA with post multiplecomparisons were applied as indicated, and the P values are shown for each figure. If not otherwise indicated, the P value was not statistically significant (P > 0.05). All statistical analyses for animal studies were calculated using Prism software (GraphPad).
Data availability. Data that support the findings of this study have been deposited in the Gene Expression Omnibus (GEO) database under accession numbers GSE84238 and GSE84015.
